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Summary of work
The neuromuscular system in the human body shows age-associated change from the third
decade of life. For people aged 60-75 (the young-old population group), physiological changes
are evident, but the effects of these changes such as unsteadiness and falls are far less apparent
than in the elderly. Work to quantify muscular changes in the young-old is lacking. Present
techniques are inaccurate or invasive - suitable only for small, isolated studies.
In this work, simulation of the surface electromyogram (sEMG) signal is proposed as a
method for investigating age-related muscle degeneration. By adapting the model’s parame-
ters to reproduce experimental results, the characteristics of ageing muscles can be estimated.
A sEMG/force model capable of simulating signals from human muscles is presented. The
model covers four stages of EMG generation; neuronal stimulating pulse, muscle fibre action
potential, motor unit action potential and surface EMG simulation. When populated with
accurate simulation parameters, it generates both sEMG and force signals that are shown to
correlate closely with experimental data.
The model has been implemented and verified against experimental results from two differ-
ent muscles of the human arm; the biceps brachii and the brachioradialis. Both the sEMG and
force outputs are shown to match experimental data recorded from the contracting muscles
of human subjects [Wheeler et al., 2010b, Wheeler et al., 2010d, Wheeler et al., 2010a].
The verified model was utilised to study the way in which muscle composition alters with
age. Two groups of subjects were studied. The younger group were aged 20-28 years old, while
the older group were aged 60-68 years old. Both groups were asked to contract their biceps
brachii isometrically at maximum effort while the sEMG and force signals were recorded.
Signal features representing the amplitude and spectrum of the sEMG were then calculated.
The sEMG/force model developed for this work was simulated to generate signals repre-
senting the muscles of healthy, young adults. Parameter values were taken from distributions
based on experimental studies.
Two main parameters are known to vary with age; the number of motor units (nMU) and
the ratio of fast to slow muscle fibre types (FFR). The nMU and the FFR are therefore varied
to study their impact on the composite sEMG signal. By comparing these simulated signals
with the experimental data, the changes to bicep muscle composition with age are quantified.
The simulations show that reducing the number of muscle fibres affected the amplitude, while
reducing the ratio of fast fibres in the muscle impacts both the median frequency and the
amplitude. The simulated data matches experimental results when the number of active
motor units is changed from 110 to 65 and the ratio of fast fibres reduced from 0.45 to 0.14.
The work presented in this thesis demonstrates that an accurate sEMG/force model can
be used to infer information about physiological variations from the norm. In this work,
muscular changes as a result of ageing are quantified using a robust, accurate and non-invasive
methodology.
Chapter 1
Introduction
1.1 Neuromuscular changes with age
18.6% of the Australian population is over 60 years of age and this percentage is increasing
steadily [ABS, 2009]. A normal part of the ageing process is neuromuscular changes that
reduce steadiness and strength. As these changes affect such a large section of the popula-
tion, it is crucial that the underlying mechanisms behind these neuromuscular changes are
understood.
Previous research has focused on the neuromuscular systems of the infirm and elderly, but
far fewer studies have investigated changes that occur with young-old subjects aged 60 - 75
years old [Brown et al., 1988].
The following neuromuscular changes are known to occur in the young-old population:
• A loss of muscle mass and muscle force [Williams et al., 2002, Luff, 1998]
• Minimal loss of endurance and fatigue resistance [Moritani et al., 2004, Bazzucchi et al., 2005]
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These effects are due to
• A loss of muscle fibres, with preferential atrophy of type II fibres [Evans and Lexell, 1995]
• A reduction in the size of remaining muscle fibres [Doherty, 2001]
Unknown factors in relation to ageing muscles are
• The extent to which senescent atrophy occurs
• How significant the bias towards the reduction in fast fibres is
• Whether these questions can be answered by in-vivo experiments
Current techniques used to measure muscle composition are biopsy or electro-stimulation.
Biopsy is invasive [Borg et al., 1987] and electro-stimulation methods are both invasive and
imprecise [Mc Comas et al., 1993]. These techniques are therefore unsuitable for population-
based studies. To study the effects of aging in the general population, a method is required
that allows researchers to investigate the outcomes of senescent atrophy in a non-invasive and
reliable manner.
Surface electromyography (sEMG) is the recording of the electrical activity of the muscle
from the surface of the skin. It is non-invasive and easy to record, but does not provide
detailed information on the muscles as it records the gross signal from all active motor units
in the recording field. To overcome this limitation, models for sEMG have been developed.
One of the chief uses of modelling is to allow internal process characteristics to be estimated by
adapting the model’s parameters to reproduce experimental results [Stegeman et al., 2000].
1.2 Neuromuscular models
Currently available models are not capable of accurately simulating the changes in skeletal
muscle with age. Models presented by other authors have focused on alternate research di-
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rections and have therefore been optimised for those purposes. They are unsuitable to study
ageing as they assume single values for input parameters [Kleine et al., 2001], neglect to
address the recruitment characteristics of different muscle fibre types [van Veen et al., 1993,
Duchene and Hogrel, 2000] or neglect to address the conduction velocity variation between
muscle fibre types [Blok et al., 2002]. The majority of models reported also have a single out-
put that represents the sEMG, rather than considering a second output for model verification
[Stegeman et al., 2000].
To study muscular changes that take place as a result of ageing, a suitable model must
use accurate representations of the parameters known to alter. These include
• Type based muscle fibre conduction velocities
• Type based motor unit firing rates
• Physiologically accurate motor unit recruitment thresholds
In addition, verification against experimental data must be possible. This is achieved
through the addition of a second measurable output such as muscle force. To date, no model
exists which satisfies all of these requirements.
This thesis reports the development and use of a model focused on the simulation of
different motor unit types and thus suitable for identifying age-associated changes to the
neuromuscular system. A series of in-vivo muscle experiments are used to first verify the
model, then quantify muscle changes with age.
1.3 Research questions
The work reported in this thesis strives to answer the following research questions:
• How does the neuromuscular system change with age?
5
1 INTRODUCTION
• Specifically, do different muscle fibre types react the same way to the ageing process?
• Can a sEMG/force model be used to quantify such changes?
1.4 SEMG/force model developed for this work
The sEMG/force model developed for this thesis research is highly versatile and robust. To
ensure the model was accurate, the variable muscle parameters were set to values reported in
the literature as a result of experimental work. All active motor units (MUs) were considered,
rather than a single MU. This is similar to a real muscle, where many motor units fire to
achieve contraction.
As the muscle fibre conduction velocities, motor unit firing rates and recruitment thresh-
olds are populated based on motor unit type, this model is suitable for simulating the whole
muscle sEMG and muscle force output signals of the biceps of both younger and older subjects.
1.5 SEMG/force model novelty
This sEMG model differs from models presented by previous authors as it strives to closely
align the values and distributions of parameters known to change during disease or ageing
with those found in-vivo.
This implementation models a lifelike muscle by introducing random elements to give a
distribution of parameters, rather than a single value. This distribution of parameter values
is seen in real human muscles. Parameters defined by a distribution include the MU size, the
firing rate, initial temporal offset and the muscle fibre conduction velocity.
Most significantly, the model is populated with type-based variables for different motor
unit types, allowing slow and fast motor units to be simulated and the effects of the decline
6
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in each to be studied. This is particularly important when considering muscle changes with
age, as fast fibre MU numbers decline more rapidly than slow fibre MU numbers.
The model includes a type-based motor unit recruitment and firing frequency strategy, in
which these parameters have been assigned probabilities based on muscle fibre type, so that
type 1 fibres are recruited at low force levels, and type II fibres are recruited with increasing
force. Similarly, the firing rate of each motor unit is type based, with firing rates for type I
fibres distributed about averages of 8-14 Hz and type II motor units about averages of 12.5
to 24.5 Hz [Gydikov and Kosarov, 1974, Wheeler et al., 2010a].
To ensure that the sEMG model could be accurately validated against experimental data,
a second output was added. This model simulates both the sEMG signal and the force output
of the skeletal muscle contraction [Wheeler et al., 2010d].
The implementation of the force output is based on the model described by Fuglevand,
where each MU is assigned a twitch force [Fuglevand et al., 1993]. The calculated twitch
forces are dependent on the recruitment order and the firing rate of each motor unit in the
active MU pool. As described above, these parameters are based on the novel distributions
in this work. The contraction time of each twitch force is related to its peak amplitude. The
total force exerted during a contraction is the summation of the contributing force trains from
each active MU.
1.6 Ageing research using the sEMG model
The implemented sEMG/force model was used in conjunction with experiments to study the
effects of age on the biceps muscle.
30 subjects participated in the study; 16 aged 20-29 years old and 14 aged 60-69 years
old. The subjects performed isometric contractions of the bicep muscle at their maximum
voluntary contraction. The average amplitude of the experimental sEMG signals reduced by
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53% with age. The mean power frequency reduced by 5.14 Hz.
Simulated sEMG signals were generated to study the effect of changing the number of
motor units and the types of motor units present in the muscle. Simulated data was then
compared with experimental signals.
Simulations showed that reducing the number of muscle fibres affected the amplitude,
while reducing the ratio of fast fibres in the muscle impacted the median frequency and the
amplitude. The simulated data matched experimental results when the number of active
motor units was changed from 110 to 65 and the ratio of fast fibres reduced from 0.45 to 0.14.
1.7 Organisation of this thesis
Chapter 2 of this thesis outlines the physiological concepts relied upon in this work and
includes a review of sEMG and force models. Chapter 3 describes the sEMG/force model
developed by the candidate and includes all equations used to generate the signals used in
subsequent sections. The parameter values and distributions used to populate the model are
listed in Chapter 4. This chapter also describes the processes followed to verify the accuracy
of the model and the procedures used to acquire data from experimental subjects.
Chapter 5 focusses on the use of the developed model to study neuromuscular changes
with age. A background of ageing studies is provided, along with experimental and simulated
results. These results are discussed in Chapter 6. Chapter 7 concludes this thesis, with
particular emphasis on responses to the research questions proposed in section 1.3.
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Chapter 2
Literature review
2.1 Introduction
This chapter begins by outlining the neuromuscular theory relied upon in this work. A
description of the surface electromyogram (sEMG) signal is then given, with explanations as
to how this recorded signal is generated. The final sections of this chapter describe sEMG
modelling and the current state-of-the-art in the field.
2.2 Neuromuscular theory
The work in this thesis focusses on the surface electromyogram signal, including signal pro-
cessing methods used for characterisation and modelling techniques to simulate sEMG data.
In order to understand the basis of the sEMG signal, this section gives an overview of the
underlying neuromuscular processes. The structure of the nerve and muscle systems, the com-
munication channels leading to muscle contraction and a summary of observations regarding
human skeletal muscle types are discussed.
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2.2.1 Anatomy of the nervous system
The human nervous system is conceptually divided into two parts. The central nervous system
(CNS) refers to the brain and spinal cord. The peripheral nervous system contains all the
nerves carrying messages to and from the central nervous system and the rest of the body.
Nerves in the peripheral nervous system are either sensory or motor nerves. Sensory (or
afferent) nerves transmit information from the periphery of the body to the central nervous
system, including temperature, pain and vibration. Motor (or efferent) nerves carry messages
from the brain and spinal cord to the periphery, to effect the function of muscles or glands.
2.2.2 Anatomy of the muscle system
There are three kinds of muscles in the body; skeletal, smooth and cardiac. Skeletal muscles
are constructed of long, cylindrical cells called muscle cells or muscle fibres. Each muscle fibre
is constructed of muscle fibrils (small slender fibres), their sarcoplasm (water-like substance
that fills muscle cells, comparable to cytoplasm in other cell types), mitochondria and multiple
nuclei, surrounded by the electrically excitable cell membrane (sarcolemma) which receives
and conducts stimuli.
The sarcoplasm consists mostly of myofibrils, which are cylindrical bundles of myosin
or actin (refer to Figure 2.1). Actin are thin filaments (approximately 7 nm diameter in
humans), while myosin are thicker (around 15 nm) and shaped with head and tail areas
[Cooper, 2000]. It is the movement of actin and myosin relative to one another which results
in muscle contraction. Each myofibril is composed of many short units, laid end to end, called
sarcomeres. Sarcomeres represent the minimal contractile unit of the muscle and it is the
contraction of millions of these units that gives rise to muscle activity. The sarcomere can
not actively expand, it can only be stretched back to its non-contractive state. Thus, skeletal
muscles appear in opposing pairs, so that contraction of one muscle results in the passive
stretching of the opposing muscle.
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Figure 2.1: Structure of a muscle fibre
The muscle fibres are arranged in groups called motor units. A single motor unit is defined
as a motor neuron and the muscle fibres associated with that neuron. The fibres of a motor
unit are not always physically adjacent to one another, but are found throughout the muscle
volume.
2.2.3 The neuromuscular junction
The neural action potential (AP) is the main method of communication in the nervous system.
It is an electrochemical message which is transferred along the nerve fibre as an ionic current
between the intracellular and extracellular spaces. Action potentials are electrical signals that
obey the “all or nothing” law; i.e. when an axon is electrically stimulated, it will only be
activated at a given threshold intensity.
The motor neurons terminate in structures called motor end-plates or neuromuscular
11
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junctions. When an AP travelling down a motor neuron arrives at the neuromuscular junction,
ion channels in the muscle cell open, allowing sodium ions to flow in and potassium ions to
flow out of the muscle cell’s sarcoplasm. The sodium/potassium channels across which the
ions flow are more permeable to sodium than potassium, so a greater number of sodium ions
flow into the cell than the potassium ions that flow out.
This results in a local depolarisation of the motor end plate, known as an end plate
potential (EPP). The action potential causes the sarcoplasmic reticulum to release calcium
ions into the sarcoplasm of the muscle fibre [Martini, 2004, Kandell et al., 2000].
Figure 2.2: Contractions resulting from actin and myosin fibres sliding across each other
[Jennett, 1989]
2.2.4 Biomechanics of muscle contraction
Following an end plate potential, the presence of both calcium ions (Ca2+) and adenosine
triphosphate (ATP) allow contraction of the muscle cell to occur. Calcium ions draw away
12
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the protein which covers actin in its resting state, exposing the actin binding sites. With
these sites exposed, myosin binds with the actin, hydrolysing ATP to use as the energy source
to bend the myosin heads. The bending of these heads pulls the actin across the myosin in
a sliding motion, resulting in a muscle contraction [Cooper, 2000]. This action is shown in
Figure 2.2.
After contraction, the calcium ions are returned to the sarcoplasmic reticulum to prepare
the muscle cell for its next contraction. This is done through a combination of pumping across
the cell membrane and active transportation.
2.2.5 Control of skeletal muscle activity
As in the nervous system, muscular activity is gained by muscule action potentials, described
in section 2.2.3. When a neural AP is detected at the neuromuscular junction, it generates a
muscular AP in every muscle fibre in that motor unit. Force in skeletal muscles is modulated
by either the recruitment of additional motor units, or by increasing the firing frequency of
active motor units.
2.2.6 Skeletal muscle fibre types
Skeletal muscle fibres vary in size, diameter and conduction velocity. Although these proper-
ties vary on a continuum, there are generally agreed to be three clusters of properties which
are identified as the three types of skeletal muscle cells; fast fibres, slow fibres and intermediate
fibres.
• Fast fibres
The majority of muscle fibres in the human body are fast fibres (or type IIb muscle
fibres). They contract rapidly (<0.01 seconds) and also fatigue rapidly. Fast fibres are
large in diameter and contain densely packed myofibrils, resulting in powerful contrac-
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tions. In comparison to slow muscle fibres, fast fibres have a faster rate of depolarisation
and repolarisation, a shorter duration action potential, and a lower resting potential
[Moritani et al., 2004].
• Slow fibres
Slow muscle fibres (type I) are smaller in diameter and take about 3 times longer than
fast fibres to contract. They are capable of contraction over extended periods, as they
do not fatigue as quickly as fast fibres. This is largely due to increased oxygen supply
which allows contraction to continue.
• Intermediate fibres
Intermediate fibres (type IIa) are between fast and slow muscle fibres and have a cor-
respondingly medium size and contraction speed. In muscles containing a mixture of
intermediate and fast fibres, physical conditioning can affect the fibre composition.
Motor unit property Type I Type IIa Type IIb
Name Slow twitch (S or
SO)
Fast twitch (FR or
FOG)
Fast twitch (FF or
FG)
Fatigue resistance Fatigue restistant Fatige resistant Fatigable
Fibre diameter Small Intermediate Large
Conduction velocity Low Intermediate Fast
Recruitment order Recruited at low
force levels
Recruited at intermedi-
ate force levels
Recruited at high
force levels
Metabolic properties Oxidative, require
adequate oxygen
and blood flow
Oxydative, glycolytic Glycolytic, work
well in low oxy-
gen or blood flow
conditions
Table 2.1: The physiological properties of muscle fibres. It should be noted that these properties
are generalisations; in some cases, such as back muscles, type II fibres do not have larger
diameters than type I.
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Antigravity muscles (e.g. the back muscles used for posture maintenance) tend to be
made up of mostly type I fibres. Muscles which contract for rapid movement contain a similar
proportion of type I and type II fibres. Some muscles, such as those in the human hand,
contain no slow fibres, as they are used exclusively for brief, rapid contractions. Specific
parameters of each muscle type are shown in Table 2.1.
The three types of muscle fibres appear to be randomly distributed across the cross section
of the muscle [Moritani et al., 2004], meaning that the study of a particular muscle fibre type
is generally possible only with needle electrodes.
2.2.7 Musculature of the human arm
Four muscles of the human arm contribute to flexion of the elbow; the brachialis, the bra-
chioradialis and the two heads of the biceps brachii. In this work, the brachioradialis and the
biceps brachii are studied. This section summarises the functionality of each of these muscles.
2.2.7.1 Biceps brachii
The biceps brachii is a large muscle in the upper arm. Its functions include:
• Flexion of the elbow
• Supination of the forearm (turning the palm upwards)
• Abduction of the arm when it is laterally rotated
• Adduction of the arm when when it is medially rotated
• Stabilisation of the shoulder joint when the arm is carrying a heavy load
The biceps brachii is innervated by the musculocutaneous nerve from fibres of the fifth
and sixth cervical nerves [Gray, 1973].
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2.2.7.2 Brachioradialis
The brachioradialis is a muscle in the human forearm. When the forearm is rotated half-way
between pronation and supination, the brachioradialis flexes the forearm. It does not generate
as much force as the biceps, as the insertion point is far from the fulcrum of the elbow. The
brachioradialis also stabilises the elbow when it is in mid-flexion [Bowden and Bowden, 2002].
The brachioradialis is innervated by the radial nerve.
2.2.8 Skeletal muscle contraction types
There are three types of muscle contraction; isometric, isotonic and isokinetic. Isometric
contraction is when the muscle length remains constant, but the tension increases. This is
achieved by keeping the limb stationary, while doing work with the muscle of interest. Isotonic
contraction is when the muscle length shortens while the tension remains approximately the
same. Isokinetic contraction is when the speed of movement is fixed, and the resistance varies
with the force required.
To study the neuromuscular system, most experimentalists employ isometric contractions.
Isometric contractions have a number of advantages of isotonic or isokinetic movements.
Namely
• A significantly lower chance of movement artefact in the recorded signal
• An easily controllable experimental protocol
• The availability of vastly more experimental data for comparison
• The muscles do not shorten, so the innervation zone moves very little
Isometric contractions are therefore used for the work described in this thesis. To in-
vestigate the muscle activity present during the muscle contractions, an electromyogram is
used.
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2.3 The electromyogram
An electromyogram (EMG) measures the voltage gradients produced by contracting muscle
fibres. As with neural cells, a muscle cell has a resting membrane potential of around -
70 mV, which represents a negative charge inside the cell with respect to the extracellular
charge. When a muscle cell contracts, the membrane potential becomes more positive as the
sodium ions enter the cell. An electromagnetic field is generated around the muscle fibres
by a combination of the membrane depolarisation and the movement of ions. A recording
electrode placed in this electromagnetic field will detect the potential difference, or voltage
with respect to ground. It is this voltage which is represented by the EMG signal.
The EMG is a differential signal that can be recorded by needle electrodes injected into a
muscle (needle EMG), by electrodes injected into the extracellular space in the muscle body
(intra-muscular EMG), or by surface electrodes placed on the surface of the skin (surface
EMG). In the latter two cases, the recorded EMG is the summation of the action potentials
of many muscle fibres [Loeb and Gans, 1986] [Basmajian, 1978]. In experimental conditions,
this signal, the algebraic sum of all local action potentials, is often referred to as the Compound
Muscle Action Potential (CMAP).
When two recording electrodes are positioned parallel to the muscle fibres, the recorded
action potentials will be triphasic in shape, with a polarity that is dependent on the direction
from which the action potentials approach the electrode site [Basmajian, 1978].
EMG exhibits the fractal property of self-similarity. This is because the measured EMG
signal is created by action potential sources over a range of scales, originating from different
locations in the muscles [Arjunan and Kumar, 2007]. Each signal source (motor neuron)
has its own recruiting level and discharge threshold, resulting in a complex, non-linear, non-
stationary signal.
17
2 LITERATURE REVIEW
2.3.1 Uses of the electromyogram
EMGs are recorded from humans in a diagnostic capacity, as changes in the size, shape and
frequency of the signal can indicate a myriad of medical conditions including nerve lesions,
dermatomyositis and motor neurone disease.
The EMG signal from muscle contraction in an amputated limb is used to control certain
types of prostheses. Current technology uses EMG signals for simple movements such as
open/close of the prosthetic hand [Zecca et al., 2002], but advances in sEMG signal processing
and electrode array manufacture are sure to see this capability improve [Tenore, 2007].
The field of electromyography is vital and extensive, as researchers seek to use the muscular
electrical signals to
• Study the neuromuscular system, particularly in regards to ageing, disease and injury
• Advance the control of prosthetic limbs
• Diagnose neuromuscular diseases
• Improve sports medicine techniques and assist athletes with gait, training and recovery
As sEMG signals are a result of muscle activity, certain signal features have a relationship
with muscle composition, contraction type, fatigue state and muscle force.
2.3.2 Electromyogram with muscle force
The force exerted by a given muscle is determined by the fibre type composition, the number
of active motor units, and the firing frequency of these motor units. The more motor units
that are active, and the greater their firing frequency, the greater the muscle force will be.
As a general rule, with increasing force, more motor units are recruited. When a maximal
number are active, the firing rate of these motor units rises to further increase the force.
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In the hands, where the muscle fibres are all type I, motor unit recruitment is essentially
complete at 50% of the voluntary contraction strength. Beyond this point, increases in the
firing frequency (also called rate coding) modulate the force. In muscles comprising types I
and II fibres, such as the biceps, motor unit recruitment may continue to increase until the
force is more than 80%MVC [Moritani et al., 2004] [Kukulka and Clamann, 1981].
The number of active motor units and the rate coding of these units determine the electrical
activity of the muscles. Thus, there is a direct relationship between a measured electromyo-
gram and the muscle force output.
2.4 Surface electromyogram models
A recorded sEMG signal depends upon a large number of physiological and anatomical pa-
rameters. To increase the understanding of the sEMG signal and what it represents, it is
necessary to understand these parameters and the ways in which they influence the signal.
Modelling is one method by which this understanding can be improved.
The modelling of biological systems allows the manipulation of variables not possible in
vivo. Physical processes can be studied by adapting the model’s parameters to generate
signals which reproduce those found experimentally [Stegeman et al., 2000].
A model can simulate real world systems in one of three ways; descriptively, phenomeno-
logically, or structurally. In the work described here, a structural model is used, which rep-
resents the main elements of the real-life system. To model the individual motor-unit action
potentials (MUAPs), precise descriptions of MU anatomy are used.
For a comprehensive description of the variables considered and implemented in the model
used in this thesis, refer to Chapter 3. This section gives an overview of the field of surface
electromyogram modelling.
The most basic muscle movement is a static contraction; an isometric contraction of
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constant force. In this case, in the earliest sEMG models, the contraction was simulated as
the sum of a number of MUAPs. Such models were presented by DeLuca [DeLuca, 1975]
[DeLuca, 1975], Pan [Pan et al., 1989] and Christakos [Christakos, 1982], among others.
In the mid 1990s, a number of phenomenological models were described, which used au-
toregressive models to generate sEMG signals. These models simulated accurate signals, but
as they were not based on the structure of the muscular system, physiological parameters
could not be altered [Merletti and Lo Conte, 1995, Lo Conte and Merletti, 1995].
More recently, structure based models have been developed to allow the physiological
properties of individual motor units to be incorporated. As each of these models has been
designed to study a certain aspect of either the sEMG signal or the neuromuscular system,
the assumptions made are varied.
Fuglevand reported the now commonly used Henneman’s size principal, where progres-
sively larger motor units become active with increasing muscle force [Fuglevand et al., 1993].
While certainly more accurate, particularly for isometric muscle contractions, the relation-
ship between recruitment threshold and MU firing frequency remains oversimplified when
compared to experimental results [Gydikov and Kosarov, 1974].
The relationship between the voltage and current distributions in an active muscle cell
were defined in the important work by Van Veen [van Veen et al., 1993]. This relationship is
used by many researchers, including this author, to generate the single fibre action potential
current distribution. As the model used in Fuglevand’s work was focussed on the intra and
extra-cellular muscle fibre currents, it did not consider the differences in recruitment charac-
teristics between slow and fast motor unit types. Similarly, the detailed model reported by
Duchene, which focused on simulation efficiency and variable electrode configurations, did not
include consideration of type I and II motor units [Duchene and Hogrel, 2000]. Arabadzheiv
outlined a model that took into consideration different muscle fibre types when studying
synchronisation. This moved his model closer to a physiologically accurate representation
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[Arabadzheiv et al., 2010].
Klein and his colleagues implemented an sEMG model to studying the effect of motor unit
synchronisation [Kleine et al., 2001]. The model simulated a pool of active motor units with
a Gaussian distribution of input voltages (i.e. activation thresholds). A novel synchronisation
paradigm was used to simulate the effect on the whole muscle sEMG of motor units firing
at the same time. However, model parameters including conduction velocity, MU size and
muscle fibre length were assigned single values across the entire MU population, limiting the
physiological accuracy of the simulated signals.
Following this work, Blok reported an sEMG model to study the effects of volume conduc-
tion on the sEMG signal [Blok et al., 2002]. The model supported the inclusion of multiple
tissue layers, tissue anisotropy and consideration of the boundary conditions between layers.
However, due to the focus of the work, the model itself was simplified. Concessions included
a single value for muscle fibre conduction velocity and the investigation of only a single motor
unit action potential.
The work of many key authors has included models which have a single output that rep-
resents the sEMG signal [Stegeman et al., 2000, Stegeman et al., 2004, Wakeling, 2009]. In
order to ensure that the models are not self-validating, a second output should be considered.
The work of Fuglevand and his colleagues defined a method of simulating the force signal
from a pool of active motor units [Fuglevand et al., 1993]. This method is described in detail
in section 4.2.4. Although the model includes a highly detailed force output calculation, the
neural input was simplified to require few parameters. The recruitment thresholds were based
on an exponential relationship, where many neurons had low thresholds, and relatively few
were assigned high thresholds. The firing frequencies of each motor unit were not related to
either the recruitment threshold, or the motor unit type.
Finally, Merletti and Farina have reported a number of models that study aspects of sEMG
signal generation. The seminal work by Merletti in 1999 modified the work of Rosenfalck
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and Van Veen to provide an intricate and versatile sEMG model [Merletti et al., 1999a].
Farina has used this model to investigate electrode size and shape [Farina et al., 2002a,
Mesin et al., 2009], varying conduction velocity [Farina et al., 2002b], properties of volume
conduction [Farina et al., 2004] and pinnation [Mesin et al., 2011]. More recent work has
sought to study MU signals by decomposition of the sEMG signal [Merletti et al., 2008,
Farina and Enoka, 2011]
2.5 Surface electromyogram model to study ageing
As described in section 1.2, a model to study muscular changes that take place as a result of
ageing must use accurate representations of the parameters known to alter. These include
• Type based muscle fibre conduction velocities
• Type based motor unit firing rates
• Physiologically accurate motor unit recruitment thresholds
In addition, verification against experimental data must be possible. It is proposed that
a model that simulates two outputs rather than a single output allows stronger verification
of the strength of the model. For example, if a model simulates both electrical (sEMG) and
mechanical (force) outputs, these can both be tested against experimental data to evaluate
the accuracy of the chosen input parameters and the model architecture.
Table 2.2 summarises the suitability of the models reviewed in this chapter to investigate
muscular changes with age. It is clear that to date, no model exists which satisfies all of
these requirements. To study how muscle composition in the young-old differs from that of
young, healthy adults, such a model is required. The work in this thesis therefore includes the
implementation of a suitable sEMG model, the validation of said model against experimental
results, and the utilisation of the model to study muscular changes in the biceps brachii with
age.
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Model Type based
CV
Type based fir-
ing rates
Accurate re-
cruitment
paradigm
Second output
for validation
Fuglevand 1993 No No Yes No
Van Veen 1993 No No Yes No
Duchene 2000 No No No No
Klein 2001 No No No No
Blok 2002 No No No No
Fuglevand 1993 No Yes No Yes
Merletti 1999 Yes Yes Yes No
Table 2.2: State of the art sEMG models assessed against the key muscular characteristics to
alter with age
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Chapter 3
Time invariant whole muscle
surface EMG/force model
3.1 Introduction
This chapter describes the whole muscle sEMG/force model implemented for this thesis. The
model simulates the surface electromyogram signal and the mechanical force generated by a
contracting skeletal muscle. The model is physiologically accurate; populated by parameter
values from experimental results. The model simulates the neural input signal, the subsequent
contraction of muscle fibres, and the effect of volume conduction on the signal detected at the
surface of the skin.
Early parts of this chapter describe the neural input signal, the muscle fibre action poten-
tial and the generation of motor unit signals. These equations and theories follow the work
of Rosenfalck [Rosenfalck, 1969] and Merletti [Merletti et al., 1999a, Merletti et al., 1999b].
The novelty of this model is described in subsequent sections, where the addition of force as
a second output, the implementation of a novel firing frequency and motor unit recruitment
strategy and the consideration of motor unit types is described.
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3.2 Neural action potential
In the human body, voluntary muscle contraction is controlled by the brain. Signals from the
brain travel via motor neurons to peripheral skeletal muscles. At the neuromuscular junction,
these signals pass from the nervous system to the muscular system.
As with the human body, the input to the model is the action potential signal from the
motor nerve. This signal can be modelled by an impulse function ( [DeLuca, 1975] with the
equation
δ(t− (n× IP )− τm) (3.1)
This is a time domain signal which repeats at a rate of 1/r, where r is the duration between
subsequent impulses (in ms). As the firing rate is not constant in-vivo, the value of r in the
model changes after each pulse, such that the interpulse duration (IP) is given by
IP = r + δr (3.2)
τm is an initial temporal offset. The value of τm is different for each motor unit and is
assigned randomly. This ensures that each motor unit begins firing at a different time with
respect to the remaining active motor units. This scenario mimics that found in the body,
where motor units fire randomly with respect to one another to ensure smooth movement. If
all motor units started firing simultaneously, the muscle would spasm. The addition of τm to
the neural pulse train ensures that this does not occur.
The impulse function that simulates the neural action potential train is shown in Figure
3.1.
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Figure 3.1: The neural input is simulated as an impulse function with a slight variance (jitter)
between subsequent pulses
3.3 Voltage distribution of a muscle fibre action potential
When an action potential from the motor neuron arrives at the neuromuscular junction (NMJ),
it elicits two muscle action potentials in all the muscle fibres it innervates (i.e. all the muscle
fibres in the motor unit). These action potentials (APs) travel from the NMJ towards the
tendons at each end of the muscle, where the signals terminate.
Figure 3.2: Muscle fibre action potentials are generated when a neural action potential is
detected at the neuromuscular junction
The APs travel along the muscle fibre via changes in the potential between the inside and
outside of the cell. The voltage distribution (in time) of the muscle fibre action potential was
initially described mathematically as Vm by Rosenfalk [Rosenfalck, 1969], who defined the
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equation
Vi(t) = α · t3 · e−βt − γ (3.3)
Equation 3.3 creates a distribution with the characteristic AP tripolar shape (Figure 3.3).
α, β and γ are parameters describing the intracellular action potential. α is in v/s, β is in
s−1 and γ is in volts. Altering α, β or γ dilates the AP waveform.
Merletti [Merletti et al., 1999a] extended upon this definition for Vi(t), adding a scaling
factor λ. As his work was in the space domain, the subsequent equation for V was given as
Vm(z) = A(λz)3e−λz −B (3.4)
λ has the effect of altering the timebase and amplitude of Vm(z). A is the amplitude of the
action potential, B is the resting membrane potential and z is the distance along the muscle
fibre.
3.4 Current distribution of a muscle fibre action potential
The modelling of a single muscle fibre observed at a distance (skin surface) has been reported
and used in many areas of EMG research. It is generally assumed that the muscle fibre is a
line source where the diameter is neglected [Rosenfalck, 1969]. As a result of this assumption,
the muscle fibre transmembrane ionic current can be described as the second spatial derivative
of Vm(z) [van Veen et al., 1993].
Im(z) = C
d2Vm(z)
dz2
= CAλ2(λz)(6− 6λz + λ2z2)e−λz (3.5)
This distribution has the characteristic shape shown in Figure 3.3.
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Figure 3.3: The muscle fibre action potential has a characteristic tripolar shape
[van Veen et al., 1993]
In the work reported in this thesis, muscle fatigue is not considered. This means that the
signal, and in particular the conduction velocity (v), is time invariant. It can therefore be
assumed that z = v · t. This allows the calculation of the current distribution in the time
domain
Im(t) = CA(λv)2(λvt)(6− 6λvt+ λv2t2)e−λvt (3.6)
C is a constant that takes into account the conductivity of the fibre, σi , the muscle
fibre conduction velocity, v, and the diameter of the muscle fibre, d [Rosenfalck, 1969,
Lowery et al., 2000].
The majority of muscle models, particularly those of the biceps brachii, are modelled either
without shape, or as a cylinder to approximate the fusiform muscle shape (refer to Figure
3.4).
The current distribution described by equation 3.6 defines the signal that would be mea-
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Figure 3.4: (a) The bicep muscle shape is fusiform; wide in the centre and tapering at each
end. (b) Most bicep muscle studies approximate the muscle shape as a cylinder
sured by a needle electrode injected into a single muscle fibre. Further considerations for this
model include
• Modelling many muscle fibres arranged into a number of motor units
• Modifying the signal to represent the changes due to the cutaneous tissue between the
muscle fibre and the surface recording electrode
3.5 Volume conduction
The cutaneous tissue (fat and skin) through which the AP signal must pass in order to reach
the recording electrode on the skin’s surface has the effect of modifying the AP shape in a
similar manner to a low pass filter. Therefore, the further the distance that the signal diffuses,
the flatter and longer the AP current distribution will become.
The function f(x, y, z) is introduced to simulate these changes to the AP signal [Plonsey, 1974].
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f(x, y, z) =
1
4piσe
1√
(z − z′) + σ[(x− x′)2 + (y − y′)2] (3.7)
x, y and z are the co-ordinates of the point source.
σe is the extracellular conductivity, while σ is the ratio of the internal and external con-
ductivities such that
σ = (
σi
σe
)2 (3.8)
The convolution of the AP current distribution (Equation 3.6), with f(x, y, z) (Equation
3.7), gives the action potential of a single muscle fibre as measured at the surface of the skin.
3.6 Modelling a motor unit
To model a motor unit (MU), rather than a single muscle fibre, the size of the MU must be
considered. The size of a MU represents of the number of muscle fibres in the motor unit.
In this work, each motor unit is described by an equivalent muscle fibre, with an amplitude
to indicate the MU size. This is an approximation. Future work should consider the fact that
the muscle fibres in a MU are scattered about a defined territory and will thus have slightly
different volume conduction properties.
A constant, Km, is used to represent the motor unit size. The multiplication of the single
muscle fibre AP by the constant Km gives the signal of an active motor unit, as recorded at
the surface of the skin.
A cross section of a muscle, showing a muscle fibre in a volume, the recording electrode
on the surface of the skin and the spatial variables described in Figure 3.5. This image
summarises the generation of the sEMG signal from a neural stimulating pulse.
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Figure 3.5: sEMG signal of a single muscle fibre
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3.7 Modelling a whole muscle
To simulate the whole muscle, a number of motor units must be modelled simultaneously,
where the superposition of their activation patterns gives the whole muscle sEMG.
The differences between each motor unit include
• conduction velocity
• firing frequency
• recruitment threshold
• size (number of fibres)
• position in the muscle body
• temporal offset of firing (τm)
As described in Chapter 2, the majority of muscle models use average values for these
parameters, with most failing to consider the differences between slow and fast MU types.
One of the novel features of the model implemented for this thesis work is that each motor
unit has a unique value for each of these parameters, taken from distributions based on
experimental data.
For the work reported here, the signals are time invariant, to represent non-fatigued mus-
cles. Each MU is therefore assigned a unique, single conduction velocity (v) value, taken from
a type-based distribution about an experimentally obtained mean. As described in section
3.2, each MU is given a distinct value of τm, taken from a random distribution. The size of
each MU, Km, is also a randomly assigned variable.
To increase the accuracy of the simulated sEMG signals to those found in-vivo, the re-
cruitment threshold and firing frequency values are determined via a novel method.
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3.8 A novel firing frequency and motor unit recruitment paradigm
In previous models, the AP firing frequencies of the motor units have been distributed about a
common mean value or along a common linear distribution [Hamilton-Wright and Stashuk, 2005,
Yao et al., 2000, Stashuk, 1993]. Thus, the slow and the fast fibre types have been assigned
the same range of firing frequencies values. However, experiments have shown that the firing
frequencies of type I muscle fibres are lower than those of type II [Duchene and Hogrel, 2000].
In addition, the force at which the MU is recruited is dependent on the MU type.
Work by Gydikov [Gydikov and Kosarov, 1974] showed that the firing frequencies of type
I and type II fibres are significantly different, and the muscle force at which the motor units
are recruited is dependent on the motor unit type. At low force levels only type I fibres are
active, with firing rates distributed about averages of 8-14 Hz. At higher force levels, type II
fibres are also active, at firing rates of 12.5 to 24.5 Hz.
To increase the physiological accuracy of this model, distributions of possible values for
the recruitment threshold and MU firing frequency of each motor unit were developed, based
on the experimental results of Gydikov. Both parameters were assigned probabilities based
on muscle fibre type, so that type I fibres are recruited at low force levels, and type II fibres
are recruited with increasing force. Similarly, the firing rate of each motor unit is type based.
A sample of the firing rates and recruitment thresholds of a pool of 110 MUs is shown in
Figure 4.7. Slow motor units are represented in red, while fast motor units are represented
in blue. It is clear that at a low force level (e.g. 20% MVC), only slow muscle fibre types are
active, and they have low firing rates. At high force levels, both MU types are active, and
the firing frequencies range from 12-24 Hz.
It should be noted that although this paradigm reflects the work of Gydikov and other,
related studies, recent work has used sEMG signal decomposition to revisit the relation-
ship. De Luca and Hostage found that although the relationship between force level and
firing frequency range is similar to that found by Gydikov, in some muscles of the hu-
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man body, recruitment threshold has an inverse relationship with the initial firing frequency
[DeLuca and Hostage, 2010]. An in depth evaluation of recent decomposition studies should
be conducted ahead of future sEMG modelling work.
Figure 3.6: Recruitment thresholds (%MVC) and average firing frequencies (Hz) of a pool of
110 motor units. Red represents slow fibre motor units, blue represents fast fibre motor units.
3.9 Modelling the muscle force output
To ensure that the sEMG model can be accurately validated against experimental data, a
second output was added. As well as simulating an sEMG signal, it was decided to also
simulate the force output of a skeletal muscle contraction.
The implementation of a force output here is based on the work by Fuglevand, who
described a model with both sEMG and force outputs [Fuglevand et al., 1993]. The force
output of a muscle is dependent on the number of active motor units and the size and firing
rate of each of these MUs. This implementation therefore differs from Fuglevand as the force
is based on the novel firing rate and recruitment strategies described in section 3.8.
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A muscle fibre twitch is the mechanical event generated in a single MU in response to an
action potential from the stimulating neuron. The twitch response for a single motor unit is
given by
g(t) =
P · t
T
e1−(t/T ) (3.9)
where P is the peak amplitude of the twitch force and T is the rise time to reach the peak
force.
As the biceps brachii is a fusiform muscle, the force can be modelled approximately as a
summation of the twitch force of each active MU in the MU pool. The MU twitch from a
motor unit in a pool of active MUs, is therefore described by
gi(t) =
Pi · t
Ti
· e1−( tTi ) (3.10)
where i is the MU number.
The force output of a motor unit is equivalent to the sum of impulse responses, given by
Fi(t) =
k∑
j=1
gij(t− tij) (3.11)
The muscle force output can then be expressed as the summation of all active MU force
outputs
Fm(t) =
n∑
i=1
Fi(t) (3.12)
The peak twitch amplitude, P , of each MU is related to its recruitment threshold and
distributed such that the last recruited MU has a peak amplitude 100 times that of the first
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recruited MU. The peak twitch amplitudes are distributed according to
Pi = e(
RP
n
)·i (3.13)
where RP is the range of peak values (100 in this case), and n is the number of MUs.
A histogram of the peak twitch amplitudes for a pool of 110 MUs is shown in Figure 3.7.
Figure 3.7: Histogram showing the number of motor units in each range of peak twitch ampli-
tude
The contraction time of the twitch force is related to the peak amplitude. For each MU,
the contraction time, Ti, is given by
Ti = 90 · ( 1
Pi
)1/log3RP (3.14)
The log is base 3 as the range of contraction times is 3-fold. 90 represents the longest
contraction time in the MU pool.
These parameters are modified by a gain value, introduced to model the non-linearity of
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the force with stimulus rate. This relationship was investigated by Bigland (Bigland1954),
who plotted the non-linearity between isometric force and the stimulation rate. The gain is
dependent on the firing rate of each MU.
The total force exerted during a contraction is the summation of the contributing force
trains from each active MU.
3.10 Conclusions
This chapter has described a novel sEMG/force model which simulates the surface electromyo-
gram signal and the mechanical force generated by a contracting skeletal muscle. The model
simulates the neural input signal, the subsequent contraction of muscle fibres, and the effect
of volume conduction on the signal detected at the surface of the skin.
The novel features of the sEMG/force model include
• Population with parameter values from distributions based on experimental results
• Type based parameter values which allow type I and type II muscle fibres to be simulated
independently
• Introduction of an experimentally-based firing frequency and motor unit recruitment
strategy
In addition, a second model output has been added. This force value provides more
information to the experimentalist, and allows the model to be validated with more strength
than a single output design. As described, this implementation of the force output is based
on the model described by Fuglevand. However, the calculated twitch force is dependent on
the recruitment order and the firing rate of each motor unit in the active MU pool. These
parameters are based on the novel distribution described in section 3.8.
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An accurate sEMG/force model is a useful tool for studying the neuromuscular system,
particularly with regards to changes from the norm. Before it can be utilised for such a
purpose, the signals simulated by the model must be verified against experimental results.
Chapter 4 describes the experimental method followed to acquire experimental data and
the results of the validation process.
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Chapter 4
Experimental and Simulation
Methods
This chapter is divided into two main sections. Section 1 details the experimental proce-
dures used to obtain surface electromyogram (sEMG) data from human experiments. Section
2 describes the methods followed to populate, simulate and verify the sEMG/force model
described in Chapter 3.
4.1 Experimental methods
4.1.1 Surface electromyogram
To verify a biological model, real life data is required. The data used to verify the accuracy
of the sEMG/force model was acquired from a series of human experiments. 10 young adult
male subjects performed isometric contractions of the bicep muscle and the brachiradialis
muscle at varying levels of intensity. To acquire the data used in the ageing study in Chapters
5 and 6, subjects of varying ages contracted the bicep muscles at maximum effort.
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The experimental protocols followed to obtain these two data sets are described in this
section.
4.1.2 General protocol
4.1.2.1 Skin preparation
Firstly, the electrode sites were located. The electrodes to record from the bicep braccii were
placed on the anterior of the arm above the biceps, on either side of the line between the
anticubital fossa (depression in the front of the elbow - lateral to the biceps braccii tendon)
and the acromion process (part of the scapula which extends over the shoulder), at 1/3 from
the anticubital fossa [Cram et al., 1998, Seniam, 2009] The electrodes to record from the
brachioradialis muscle were placed on the line between the lateral styloid process and the
lateral epicondyle, at 1/3 from the lateral epicondyle.
A body current return electrode was affixed above the olocranon process of the ulna bone
at the elbow joint. Prior to electrode placement, the skin was cleaned and abraded with
alcohol wipes to reduce skin impedance and ensure adequate adhesion of the electrodes. If
the electrode sites were hairy, the skin was shaved with a disposable razor.
4.1.2.2 Electrodes
SEMG signals were recorded using Delsys (Boston, MA, USA); a proprietary sEMG acquisi-
tion system. The system supports bipolar recording and has a gain of 1000, CMRR of 92 dB
and bandwidth of 20-450 Hz, with 12dB/octave roll-off. The sampling rate was fixed at 1000
samples per second, and the resolution was 16 bits/ sample. Delsys bipolar electrodes were
used. These are active electrodes with two silver bars (1 mm wide and 10 mm long) mounted
directly on the preamplifier with a fixed inter-electrode distance of 10 mm.
Two pairs of differential electrodes were placed on the selected muscles, at the locations
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Figure 4.1: The skin above the bicep muscle was cleaned with an alcohol wipe
described in section 4.1.2.1. The two pairs of electrodes lay parallel to one another, in the
direction of the muscle fibres (refer to Figure 4.2). The electrode cables were taped to the
skin at distance from the electrode site, to ensure that the weight of the leads did not alter
the recorded signal.
The recording and reference electrodes were connected to the Delsys wireless box for
transmission over wireless local area network (WLAN) to the computer.
4.1.2.3 Muscle contraction
To record experimental data from the biceps braccii, participants were seated in a sturdy and
adjustable chair with their feet flat on the floor. The upper arm was rested on the surface of a
desk, in a horizontal position with the palm facing upward. The elbow was fixed at 90 degrees,
with the fingers in line with a wall mounted force sensor (S-type force sensor - INTERFACE
SM25) attached to a wrist strap held loosely in the hand (Figures 4.3 and 4.4). The output
of the force sensor was recorded on an unused channel of the sEMG acquisition system and
displayed in real time. The subjects were asked to pull their fingers back towards the upper
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Figure 4.2: The placement of electrodes to record bicep muscle contractions
arm. Resisted by the wrist strap, this movement resulted in an isometric flexion of the biceps
brachii.
Figure 4.3: The position of the subject during elbow flexion experiments
To record from the brachioradialis muscle, a similar process was followed. However, the
forearm was rotated to be midway between pronation and supination. The hand was placed
through the wrist strap so that the fingers were perpendicular to the wall. This arm position
44
4.1 EXPERIMENTAL METHODS
Figure 4.4: The position of the subject and equipment during elbow flexion experiments (note
that the fingers are horizontally aligned with the force sensor)
reduces the contraction levels of surrounding muscles and increases the contraction of the
brachioradialis [Calder et al., 2008].
4.1.3 Surface electromyogram model verification experimental protocol
This section describes the specific protocol followed to acquire the experimental data used
to verify the sEMG model. Ten healthy male participants, with no history of neuromuscular
disease or injury participated in this work. The results of the study are included at the end
of this chapter.
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4.1.3.1 Maximum voluntary contraction
The maximum voluntary contraction (MVC) is a standard method used to generate mus-
cle contractions of comparable effort between subjects. The first stage is to determine the
maximum muscle force achievable during a voluntary contraction.
Each subject was asked to perform the contraction described in section 4.1.2.3 with as
much force as they could whilst maintaining a controlled movement and correct body position.
The participants were given visual feedback of the force of contraction and provided with
verbal encouragement to assist them in maintaining constant, maximum force. This maximum
contraction was held and recorded for 5 seconds.
This was repeated three times, with two minutes rest between each iteration. In each case,
the output from the force sensor was acquired. The average force across the three contractions
was the MVC for that muscle.
The MVC was measured for both the biceps and brachioradialis muscles of each subject.
Force sensor output values corresponding to 30%, 50% and 80% MVC were then calculated.
4.1.3.2 Acquisition of bicep data
Ten seconds of data was required at each contraction level. As shown in Figure 4.5, subjects
generally need 2-3 seconds to reach and maintain the desired force level. The subjects were
therefore asked to hold each contraction for 15 seconds, so that a ten second segment with
constant force could be used for analysis.
After each 15 second contraction, the subject rested for 60 seconds to ensure the muscles
did not become fatigued. The contractions were conducted in sets of three, where the first two
sets were in the order of 80%, 50%, then 30% MVC. For the final set, the order was changed
to 30%, 50%, then 80% MVC, to ensure that the order did not influence the results.
During the contractions and rest periods, surface electromyogram and mechanical force
46
4.1 EXPERIMENTAL METHODS
Figure 4.5: The force (in arbitrary units) acquired by the wall mounted force sensor during a
sustained bicep contraction
parameters were recorded. Figure 4.6 shows an example of the sEMG and force signals
acquired during a typical contraction. The methods used to process the acquired data are
described in section 4.2.5.
4.1.3.3 Acquisition of brachioradialis data
Each of the ten subjects also undertook contractions of the brachioradialis muscle. The
procedures followed were the same as those outlined in section 4.1.3.2, except that the hand
was rotated 90 degrees so that the palm was perpendicular to the wall.
Once again, the subjects completed three sets of isometric contractions at 30%, 50% and
80% MVC. The surface EMG and force signals were recorded and analysed.
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Figure 4.6: A typical signal set recorded during bicep muscle contractions. This figure shows
the force and the sEMG, both in unnormalised voltage units.
4.1.3.4 Limitations of this experimental protocol
It must be acknowledged that no muscle can be contracted in isolation. Movements were
selected which increase the contraction of the muscles of interest, and the body position of
the subject was chosen to minimise the contraction of surrounding muscles. However, to
the author’s knowledge, the contributions of the four muscles (Section 2.2.7) that generate
elbow flexion are not known. This is a limitation of this work as the force contraction of an
individual muscle may not vary linearly with the force measured.
4.1.4 Ageing study experimental protocol
For the experimental data used in Chapter 5, thirty healthy subjects, with no history of
neuromuscular disease or injury participated. The subjects were divided into two groups:
• Group 1: Younger - 16 subjects; age range 20-28 years
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• Group 2: Older - 14 subjects; age range 60-69 years
Each subject contracted the bicep muscle to their maximum effort for 10 seconds. The
participants were given visual feedback of the force of contraction and provided with verbal
encouragement to assist them in maintaining constant, maximum force. During the contrac-
tions, both the sEMG and the force outputs were measured.
The first 5 seconds of data from each subject (during the non-fatigued state) where the
force was held steadily were extracted.
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4.1.5 Signal processing
To compare signals from the sEMG model with experimental data, a number of signal features
were calculated. Each of these features are widely used in the characterisation of sEMG signals
and reveal information about the contraction level of the muscle and firing frequency and AP
shape of the motor units. Root mean square (RMS) and mean absolute value are related to
the amplitude features of the signal. Mean power frequency (MNF), zero crossing (ZC) and
waveform length describe the frequency distribution of the sEMG.
Time varying features such as wavelets and time-frequency analysis were not studied
because this model is time invariant.
• Root mean square (RMS) [Oskoei and Huosheng, 2008]
The RMS of an EMG signal represents the amplitude and in the non-fatigued state, is
associated with the force exerted by the muscle.
RMS =
√∑N
i=1 x
2
i
N
(4.1)
To eliminate the effects of varying body size and composition, the RMS results in the
ageing study were normalised against the body mass index (BMI) of each subject.
• Mean power frequency (MNF)
The mean power frequency is a spectral feature that allows changes in the spectrum of
the signal to be tracked. It is calculated by firstly finding the power spectral density
(PSD) of the signal. The PDF was calculated to a 95% confidence interval in this work.
If F is the maximum frequency of the signal, then the power, P is given by;
P =
∫ F
0
PSD(f)df (4.2)
The probability function at a given frequency, f, is;
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p(f) =
PSD(f)
P
(4.3)
The mean power frequency can then be found by;
MNF =
∫ F
0
p(f)fdf (4.4)
• Zero crossings per second (ZC)
The zero crossings (ZC) feature is calculated by summing the number of times that the
curve crosses the zero am-plitude axis. It is indicative of both the average frequency of
the signal, and of the extent to which MUAP firings are synchronised with one another.
It was calculated using;
ZC =
n∑
i=1
sign(−xixi+1) (4.5)
where
sign(x) =
 1 if x >= 00 otherwise.
4.2 Simulation methods
The model presented in this thesis is more versatile and accurate than others in the field
as it simulates multiple muscle fibre types, is populated by physiologically accurate motor
unit properties and can be validated experimentally by both electrical and mechanical output
signals. This section describes the implementation and validation of this sEMG model.
4.2.1 Surface electromyogram/force model implementation
The model presented here simulates both a whole muscle electromyogram signal, as measured
on the surface of the skin, and the force output of a contracting muscle. The model is described
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in detail in Chapter 3.
4.2.2 Model input parameters
The model covers four stages of EMG generation; neuronal stimulating pulse, muscle fibre
action potential, motor unit action potential and surface EMG simulation. This model sim-
ulates a lifelike muscle by introducing random elements to give distributions of parameters,
rather than single values. Parameters defined by a distribution include the MU size, the firing
rate, initial temporal offset and the muscle fibre conduction velocity. The distributions used
are based on mean and standard deviation values as reported in the literature. The model
parameters used for each muscle are outlined in Table 4.1. Additional variables are shown in
Table 4.2.
Parameter BB BR
Number of active motor units (MU) at 100% MVC 110 100
Average conduction velocity m.s−1 4.3 ± 0.29 4.2 ± 0.41
[Krogh-Lund and Jrgensen, 1992]
Conduction velocity (fast fibres) 4.9 ± 0.3 4.9 ± 0.3
[Farina et al., 2002b]
Conduction velocity (slow fibres) 3.9 ± 0.3 3.7 ± 0.3
Percentage of type 1 fibres (%) 45 40
[Kukulka and Clamann, 1981, Krogh-Lund and Jrgensen, 1992]
Table 4.1: Parameters used for EMG model simulation of the biceps braccii (BB) and the
brachioradialis (BR) (For each parameter, the ± value represents the standard deviation of
the distribution)
Parameter Value
Muscle fibre diameter [van Veen et al., 1993] 25 µm
Depth of MU from surface [Roeleveld et al., 1997] 35 mm ± 2mm
Duration of AP along fibre [Dumitru et al., 1999] 16 mm
Cutaneous tissue [Roeleveld et al., 1997] Single, isotropic, 3 mm layer
Muscle half-fibre length [Farina et al., 2002b] 65 mm
Simulation sampling frequency 10000 Hz
Table 4.2: Additional parameters used for EMG model simulation of the biceps braccii (BB)
and the brachioradialis (BR)
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4.2.3 An accurate motor unit recruitment strategy
Needle electrode studies have determined that motor units exhibit characteristic thresholds,
which determine the order in which they are recruited for contraction. Generally, type I
MUs are recruited at lower thresholds than type II MUs. In addition, the firing frequency of
MUs depends upon the MU type. In low-level isometric contractions of the biceps brachii,
Gydikov found that only type I fibres were active, and that they were firing at an average
rate of 8-14 Hz. At higher force levels (greater than 40% of the maximum voluntary contrac-
tion), type II fibres were also active, at firing rates of 12.5 to 24.5 Hz, increasing with force
[Gydikov and Kosarov, 1974].
This implementation of this model incorporates recruitment thresholds and variable MU
firing frequencies developed from Gaussian distributions of the results described by Gydikov.
A sample of the firing rates and recruitment thresholds of a set of 100 active MUs is shown
in Figure ??. The type I motor units are plotted in red and the type II motor units in blue.
Figure 4.7: Recruitment thresholds (%MVC) and average firing frequencies (Hz) of a pool of
110 motor units. Red represents slow fibre motor units, blue represents fast fibre motor units.
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4.2.4 Surface electromyogram and muscle force outputs
To allow simulated signals to be compared with experimentally obtained surface EMG signals,
the total number of MUs are considered, rather than a single MU. The summation of the
contributions of each active motor unit gives the whole muscle sEMG signal.
In addition, the model developed for this research includes a second output; the force
signal. The force output by a contracting muscle is dependent on the number of active motor
units and the size and firing rate of each of these MUs. The implementation of the force output
here is based on the work by Fuglevand [Fuglevand et al., 1993], who described a model with
both sEMG and force outputs. As the muscle fibres in the biceps brachii run approximately
parallel to the direction of muscle pull, the force can be modelled as a summation of the twitch
force of each active MU in the MU pool.
The peak twitch amplitude, P, of each MU is related to its recruitment threshold and
distributed such that the last recruited MU has a peak amplitude 100 times that of the first
recruited MU. The contraction time of the twitch force is related to the peak amplitude, as
described in [Fuglevand et al., 1993]. The firing rate of each twitch is determined by the
motor unit firing rate. As described in section 4.2.3, the MU firing frequency is based on a
novel distribution scheme developed for this work.
The force output calculations are described in detail in Chapter 3. The validation of
both the mechanical and electrical outputs of the sEMG/force model to experimental data is
summarised in the remainder of this chapter.
4.3 Validation of surface electromyogram model
In order to use the sEMG/force model to study muscle contraction and changes in muscle
physiology, it must be shown to generate accurate and useful simulated biosignals. This
section describes work done to validate the sEMG/force model against experimental data.
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4.3.1 Validation of model versatility
Figure 4.8: The location of the brachioradialis muscle (Reproduced from [Gray, 1973])
The first step was to to verify the versatility of the EMG model. The model would be most
useful if it were capable of simulating different muscles of the human body. For each of these
muscles, the model should be capable of simulating the sEMG signal at varying contraction
strengths.
To test the versatility, two different skeletal muscles were studied; the brachioradialis in
the forearm (refer to Figure 4.8) and the biceps muscle in the upper arm (refer to Figure 4.9).
Experiments were conducted to compare simulated signals with experimental data at varying
force levels.
Figure 4.9: The location of the biceps brachii muscle ((c) [Johansson, 2005])
55
4 EXPERIMENTAL AND SIMULATION METHODS
SEMG signals were generated simulating the biceps bracii and brachoradialis muscles of
an average adult undergoing isometric contractions at 30% and 50% maximum voluntary
contraction (MVC). Ten simulations were run for each case.
To verify the simulated results, experiments were conducted on the biceps brachii and
brachioradialis of a healthy human subject. The experimental methodology was detailed in
section 4.1.3. The RMS, ZC and MNF were calculated from both the experimental and
simulated data sets for the brachioradialis (Table 4.3) and the biceps muscles (Table 4.4).
Feature 50%MVC 30%MVC
Simulation Experiment Simulation Experiment
RMS 0.016 ± 0.0016 0.015 ± 0.008 0.0076 ± 0.014 0.0089 ± 0.0006
ZC 156 ± 5 164 ± 5 157 ± 4 165 ± 15
MNF 73 ± 2 73 ± 5 73 ± 1 73 ± 4
Table 4.3: Average values for features of the brachioradialis sEMG signal calculated from
simulated and experimental data (± standard deviation)
Feature 50%MVC 30%MVC
Simulation Experiment Simulation Experiment
RMS 0.036 ± 0.012 0.044 ± 0.0046 0.024 ± 0.007 0.028 ± 0.0008
ZC 121 ± 8 147 ± 9 125 ± 18 150 ± 6
MNF 58.36 ± 2 60.58 ± 8 61.34 ± 5 63.40 ± 1
Table 4.4: Average values for features of the bicep sEMG signal calculated from simulated and
experimental data (± standard deviation)
The RMS and MNF for each contraction type are plotted in Figures 4.10 and 4.11.
From Tables 4.3 and 4.4 as well as Figures 4.10 and 4.11 it was observed
• The average RMS increases with both muscle size and contraction strength
• The average RMS is similar between experimental and simulated data for all contraction
types
• Zero crossing values between data sets are similar. The number of zero crossings per
second changes between the different muscles, but does not change with contraction
strength.
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Figure 4.10: The average RMS calculated for each contraction level for the biceps bracii (BB)
and brachioradialis (BR) muscles
Figure 4.11: The average MNF calculated for each contraction level for the biceps bracii (BB)
and brachioradialis (BR) muscles
• The MNF is also consistent between simulated/experimental data and across contraction
levels, but varies between the different muscles.
It should be noted, as observed in section 4.1.3.4, that although 30% and 50% of MVC
(force) was achieved during these experiments, it is not certain that the individual muscles of
interest were contracting at these ratios.
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4.3.2 Validation of novel recruitment strategy
In the majority of reported sEMG models, the firing frequencies of the motor units have been
distributed about a common mean value, meaning that slow and fast MU types have the same
range of firing frequencies values. In previous work by the candidate [Wheeler et al., 2010b]
the fast and slow muscle fibre types have been modelled independently, with firing frequency
values distributed about a pair of representative mean values.
This model improved on this strategy, incorporating recruitment thresholds and variable
MU firing frequencies developed from the results described in [Gydikov and Kosarov, 1974].
This novel recruitment and firing frequency strategy is described in detail in section 4.2.3.
The model was simulated using the muscle parameters outlined in Tables 4.1 and 4.2, in
conjunction with the novel recruitment and firing frequency strategy.
The simulated signals were then compared with experimental results. Ten healthy male
subjects were asked to perform isometric contractions for 10 seconds at 30%, 50% and 80%
maximum voluntary contraction (MVC). The RMS was calculated on both simulated and
experimental data. Figure 4.12 shows the RMS varying with muscle force.
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Figure 4.12: Average RMS values across 10 subjects at each force level for experimental and
simulated data
58
4.3 VALIDATION OF SURFACE ELECTROMYOGRAM MODEL
4.3.3 Validation of dual outputs
To avoid the risks of self-validation, the model required a second output to verify the accuracy
of simulations against real life results. It was decided to add an output signal to represent
the force of a muscle contraction. The calculations leading to the generation of this signal
are described in Chapter 3. The result of these calculations is a signal sampled at 10000 Hz
representing the summation of the twitch forces of all active motor units.
To validate the sEMG and force model outputs, the amplitudes of the simulated signals
at varying contraction levels were compared with experimental results. For this purpose,
experimental and simulation experiments were conducted on the biceps brachii of 10 healthy
human subjects.
For both experimental and simulated data, three recordings were obtained at each of
three contraction levels; 30%, 50% and 80% MVC. The RMS of sEMG and the force output
were averaged across the three trials in each case. The magnitude of the simulated data was
normalized to match the experimental data at 80% MVC, where all motor units in the biceps
brachii are active.
Figure 4.13 shows the average RMS of sEMG across all 10 subjects for each contraction
level. The error bars show the standard deviation of the data from this mean value. A linear
trendline has been fitted to this data. As expected, the relationship between sEMG RMS and
%MVC is an linear relationship. The gradient of the sEMG RMS/% MVC trend lines for
each of the ten subjects are shown in Table 4.5 (a) and Table 4.5 (b) shows the accuracy of
the linear fits.
The RMS of the experimental and simulated force outputs were also compared. The
averages for all ten participants are plotted in Figure 4.14.
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Figure 4.13: Average RMS of simulated and experimental data sets, increasing with %MVC.
The amplitudes of the experimental RMS values are in arbitrary voltage units. The amplitudes
of the simulated data were normalised to match the experimental results at 80% MVC.
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(a) Experimental Simulated
Subject 1 2.3520 2.6210
Subject 2 2.1063 1.7660
Subject 3 2.0894 1.5992
Subject 4 2.2177 2.1698
Subject 5 2.0173 2.4225
Subject 6 2.1411 1.3087
Subject 7 2.0157 1.7111
Subject 8 1.8024 1.2667
Subject 9 2.2344 2.1117
Subject 10 1.8387 1.9923
(b) Experimental Simulated
Subject 1 0.9985 0.9966
Subject 2 0.9999 0.9574
Subject 3 0.9994 0.8516
Subject 4 0.9987 0.9999
Subject 5 0.9954 0.9719
Subject 6 0.9998 0.9993
Subject 7 0.9801 0.9997
Subject 8 0.9789 0.9999
Subject 9 0.9999 0.9921
Subject 10 0.9992 0.9233
Table 4.5: (a) Rate of change of RMS with force (MVC). (b) Accuracy of linear fit for rate
of change of RMS (R2 value).
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4.3.4 Discussion on the validation of the sEMG/force model
An adaptable model to simulate the surface EMG and muscle force signals of a contracting
muscle was developed, integrating the single fibre models reported previously [Rosenfalck, 1969]
[Merletti et al., 1999a] [Reaz et al., 2006]. This model simulates the signal recorded at the
skin’s surface as a composite signal of the many motor unit action potentials present dur-
ing voluntary muscle contraction. Randomness is introduced in the MU size, firing frequency,
temporal offset and conduction velocity, making the generated signal more lifelike. The model
includes type-based recruitment thresholds and firing frequencies, facilitating the simulation
of different types of muscle fibres. This allows muscles of differing sizes and compositions to
be modelled. The force signal is simulated as a summation of the contributing twitch force
trains from each active motor unit.
The results of experimental verification of the model revealed that amplitude characteris-
tics predicted by this model were verified by the experimental data. The spectral properties
of simulated signals was shown to have only a small variation with force, which was also
similar to experimental results. This sEMG model displays accuracy which may improve the
usefulness of sEMG models for research and practical applications.
4.3.4.1 Experimental considerations
For these experiments, 10 second contraction times were used to ensure a gaussian spread
of distributed variables in the sEMG model. During 10 second contractions, muscle fatigue
did not occur. Neither subject responses or force recordings indicated the presence of muscle
fatigue. In each set of experiments, the force output was studied to ensure that variance
or unsteadiness of force (indicating increased effort) was not present. If experiments are
conducted for longer durations, the possibility of muscle fatigue should be considered. This
sEMG model implementation assumes that conduction velocity is constant, so is not suitable
for studying fatigued muscles.
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For all model validation experiments, the amplitude of the simulated signal was normalised
by a factor of κ at the highest contraction level studied (generally 80% MVC). Normalisation is
appropriate as the amplitude features of this simulation provide relative, rather than absolute
values. This normalisation ensured the magnitude features such as RMS matched closely with
the experimental outcome at 80% MVC. The validation experiments investigated whether the
rate of change of simulated signal amplitude with contraction strength matched experimental
data across all contraction strengths.
4.3.4.2 Amplitude characteristics of the sEMG signal
The sEMG model has inbuilt randomness with simulation parameters following a statistical
distribution. When simulated with these distributed variables and non-linear recruitment
patterns, the amplitude of the simulated signal was linear with respect to the relative con-
traction strength (refer to Figure 4.13). The observed linearity of sEMG RMS with %MVC
matches the patterns observed experimentally in this work and reported in the literature.
From Table 4.5, it is observed that with the exception of the simulated signals for subject
3, the linear trendlines fit the data well (Table 4.5(b)). The observed rates of change of RMS
of sEMG with % MVC (Table 4.5(a)) show that with the exception of subjects 6 and 8, the
variation in gradient values is similar between the experimental and simulated results. If the
sEMG model is to be considered accurate, then the relationship of the RMS of the simulated
sEMG with %MVC should be similar to the experimental result. From Figure 4.12, it is
observed that this is correct and that the gradients are quite similar. When considering the
average of all participants together (Figure 4.14), the results indicate a close relationship
between the simulated and experimental data. A linear relationship is observed in both cases.
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4.3.4.3 Frequency characteristics of the sEMG signal
In the verification studies presented, frequency characteristics of the sEMG signal were studied
at 30 and 50% MVC. At these contraction levels, there is not expected to be significant changes
in the spectrum, as the distribution of motor unit sizes is quite similar. As the experimental
duration was 10 seconds, muscle fatigue did not occur, so the conduction velocity of the muscle
fibres remained constant. The average firing frequency increases by about 0.5Hz between these
two force levels, so will not affect the spectrum greatly.
The number of zero crossings per second did not appear to change with contraction
strength. The values calculated for the biceps and the brachioratialis muscles were slightly
different from one another. However, the number of zero crossings per second was consistently
lower in the simulated data than the acquired experimental data (Tables 4.3 and 4.4). The
difference most likely indicates the presence of more noise in the experimental data.
In the model validation work, contraction levels at 30% and 50% MVC were studied. The
MNF varied little with either contraction strength or muscle. If contraction levels above 88%
MVC were modelled, rate coding theory (increasing firing frequency to increase contraction
strength) must be addressed.
The calculated MNFs were consistent with the hypothesis that the frequency would not
change significantly at these force levels. Although there was a small increase in the average
firing frequency, this was not reflected in the signal features. The lack of variance of MNF
and ZC for both the simulated and experimental data sets suggests that changes in firing
frequency alone do not have a large impact on the spectrum. Rather, it is likely that changes
in the conduction velocity of the muscle fibres will alter the sEMG spectrum, a proposal
supported by other researchers [Kleine et al., 2001].
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4.3.4.4 Amplitude characteristics of the force signal
The other measurable output of the muscle contraction is the force output. From Figure
4.14, it is observed that both the simulated and experimental force measurements increase
at similar rates. As the force output of the model is calculated by the summation of twitch
forces from motor units with varying amplitude and time characteristics, the agreement of
the simulated force with experimental data serves to validate the model using an alternative
method to the comparison between the electrical sEMG signals.
Comparisons of simulated sEMG and force signals with features from experimentally ac-
quired results showed the similarity between the simulated and real muscle data. This model
has been validated as providing accurate simulations of skeletal muscle that are not fatigued
(time-invariant).
4.4 Conclusion
An sEMG/force model has been implemented and the accuracy of it’s simulated signals have
been verified against experimental data from healthy adults.
The sEMG/force model incorporates randomness, statistical distributions of parameter
values based on experimental data and MU type-based firing frequencies and recruitment
patterns to generate sEMG signals that mimic those found in human subjects.
The sEMG signals generated have been shown to be accurate to experimental data by both
amplitude and frequency characteristics. The model versatility was verified by simulation of
biceps and brachioradialis muscles. Finally, the model was verified by simulation of a force
output. The force signal is a summation of the twitch force trains for all active motor units
and is influenced by the novel recruitment strategy developed for this work. The force signal
was shown to match the output of the force sensor in the experimental work.
As the sEMG/force model has been verified, it can now be used to investigate deviations
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from the signals of healthy, young adults. One of the chief uses of modelling is to allow internal
process characteristics to be estimated by adapting the model’s parameters to reproduce
experimental results [Stegeman et al., 2000]. In Chapters 5 and 6, this technique applied as
the sEMG/force model is used to study neuromuscular changes with age.
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Chapter 5
Model and experiments for
neuromuscular changes with age
5.1 Introduction
This chapter describes experiments and simulations conducted to quantify neuromuscular
changes with age using the novel sEMG/force model described in Chapters 3 and 4. This
work contributes to the understanding of how fast and slow muscle fibre populations change
with age. The use of the sEMG/force model to simulate muscles with altered physiology as
compared to the muscles of healthy, young adults is demonstrated.
Senescent reduction in muscle mass begins in the third decade of life, but reaches functional
significance as people enter their 60s. At this age, the following changes have been observed
in skeletal muscles [Moritani et al., 2004] [Bazzucchi et al., 2005]:
• A loss of muscle size
• A loss of maximum force
• No loss of endurance or fatigue resistance
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Literature suggests that the loss of muscle force and size is due to;
• A reduction in the total number of muscle fibres
• A reduction in the size of the fibres [Ahad et al., 2005]
• A preferential decrease of type II muscle fibres [Medina, 1996]
Certain exercises can slow the decrease of muscle strength with age [Rogers and Evans, 1993].
Availability of suitable facilities and exercise regimes to assist the ageing population would
be beneficial. To allow early intervention, and promote understanding of the movement me-
chanics of the young-old, it is crucial that these neuromuscular changes are studied.
Anatomical muscle changes with age are reflected in the sEMG signal acquired from a
contracting muscle. In this study, sEMG signals were recorded from the bicep muscles of
subjects in their 20s and their 60s. The sEMG model described in Chapters 3 and 4 was
simulated to generate signals with varying ratios of slow and fast fibre types. The simulated
signals and their corresponding fibre type ratios were used to quantify the muscle fibre changes
during the ageing process.
5.2 Background
18.6% of the Australian population is over 60 years of age. The ageing of the baby boomers
generation has resulted in the largest ever population aged between 60 and 75. This proportion
is increasing steadily [ABS, 2009]; by 2020, the proportion of Australians over 65 is predicted
to rise by 6% [ABS, 2012].
Recent research has separated the ageing population into two groups, the young-old (60-75
years of age) and the elderly (over 75 years of age). In the young-old group, the neuromuscular
system is changing significantly [Cech and Martin, 2012], but the results of the loss of muscle
strength such as falls are not as frequent as in the elderly.
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Previous research has focused on the muscles of the infirm and elderly, but far fewer
studies have investigated changes that occur with young-old subjects [Brown et al., 1988].
While sarcopenia begins in early adulthood, it increases significantly in the sixth decade of
life [Cech and Martin, 2012]. This loss of muscle mass is due to a reduction in the number
of muscle fibres, particularly of type II muscle fibres [Evans and Lexell, 1995]. A reduction
in the size of muscle fibres also contributes to the loss of muscle force with age [Luff, 1998].
However there have been few attempts to quantify these changes.
Current techniques to measure muscle composition either involve intrusive clinical meth-
ods such as biopsy [Borg et al., 1987] or rely upon electro-stimulation methods that are
both invasive and imprecise [Mc Comas et al., 1993]. These techniques are unsuitable for
population-based studies due to the associated pain and inaccuracies. To overcome this lim-
itation, there is an urgent need to develop a reliable, non-invasive methodology for studying
muscle composition.
As described in Chapter 2, surface electromyography (sEMG) is non-invasive and easy
to record, but does not provided detailed information on individual motor units (MUs). To
overcome this limitation, models for sEMG have been developed. One of the chief uses of
modelling is to allow internal process characteristics to be estimated by adapting the models
parameters to reproduce experimental results [Stegeman et al., 2000].
The model developed and described in Chapters 3 and 4 of this thesis is focused on
the simulation of different motor unit types and thus suitable for identifying age-associated
changes to the neuromuscular system.
In the experimental work, isometric contractions of the bicep muscle at maximum force
were maintained and the sEMG and muscle force outputs were measured. Features of the
sEMG signal were compared with features of simulated signals, to determine the physiological
changes that have taken place. Statistical analysis of the data sets was conducted.
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5.2.1 Surface electromyogram/force model
The use of a physiological model in combination with experimental data provides a method
of characterising internal processes or structures from a gross, external signal. Although
numerous neuromuscuscular models have been presented, none have sought to accurately
simulate the changes in skeletal muscle with age.
To study muscular changes that take place as a result of ageing, a suitable model must
use accurate representations of the parameters known to alter. These include
• motor unit firing rates
• motor unit recruitment thresholds
• muscle composition
The sEMG/force model presented and validated in Chapters 3 and 4 of this thesis accu-
rately represents these factors and is thus capable of simulating the whole muscle sEMG and
muscle force output signals of the biceps of both younger and older subjects. The neuromuscu-
lar model has been previously presented and validated by the author [Wheeler et al., 2010b,
Wheeler et al., 2010d, Wheeler et al., 2010e].
This sEMG model differs from models presented by previous authors as it strives to closely
align the values and distributions of parameters known to change during disease or ageing
with those found in vivo. The model is populated with type-based variables for different
motor unit types, allowing slow and fast motor units to be simulated and the effects of the
decline in each to be studied.
To predict anatomical changes from the norm using the sEMG model, a set of experimen-
tal data is required for comparison with the simulated signals. The experimental methods
followed to acquire this data are detailed in Chapter 4 and summarised in the following section.
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5.3 Methods
5.3.1 Experimental method
Thirty healthy volunteers participated in this study. All subjects were right-handed and
performed the experiments with their dominant hand. The subjects were urban Australians
(mixed ethnicity) with no history or symptoms of major muscular, neurological or movement
disorders. All participants were moderately active and performed non-strenuous exercise
approximately 3-5 times per week. None of the participants were involved in any competitive
level sports or engaged in regular rigorous exercise.
Prior to the start of the experiment, the purpose of the study and procedures and risks
associated with participation were explained to each subject. Subjects were offered the chance
to withdraw from the study at any time. A plain language statement outlining details of the
experiments was provided to each participant (Refer to Appendix A), and written informed
consent was obtained (Refer to Appendix B). The subjects also filled in an eligibility as-
sessment form which included medical history questions and characteristics including height,
weight and bicep circumference (Refer to Appendix C). The experiments were approved by
RMIT University Human Research Ethics Committee and were conducted in accordance with
the Declaration of Helsinki of 1975, as revised in 2004.
The thirty subjects were divided into two groups:
• Group 1: Younger - 16 subjects; age range 20-28 years
• Group 2: Older - 14 subjects; age range 60-69 years
The laboratory procedures followed to acquire and record sEMG signals from the biceps of
human subjects is detailed in Chapter 4. Each subject contracted the bicep to their maximum
effort and maintained this contraction for 10 seconds. The subjects were provided with visual
feedback of their force output and encouraged to maintain a maximal contraction. Ten seconds
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of data was acquired to ensure that muscle fatigue did not occur. During the contractions,
both the sEMG and the force outputs were measured.
5.3.2 Data analysis
Post experiment, the signal from the force sensor was viewed to ensure data from a steady
contraction was used. The first 5 seconds of data from each subject where the force was held
steadily (during the non-fatigued state) was extracted.
To compare signals from the sEMG model with experimental data, a number of signal
features were calculated. Each of these features are widely used in the characterisation of
sEMG signals and reveal information about the contraction level of the muscle and firing
frequency and AP shape of the motor units. Root mean square (RMS) and mean absolute
value are related to the amplitude features of the signal. Mean power frequency (MNF) and
waveform length describe the frequency distribution of the sEMG. Fractal dimension describes
the complexity of the signal.
To eliminate the effects of varying body size and composition, the RMS results were
normalised against the body mass index (BMI) of each subject. The BMI is a method of
measuring human body fat based on height and weight. Each subject’s height and weight
were taken from their paperwork and the BMI calculated using equation 5.1.
BMI =
mass(kg)
height(metres)2
(5.1)
The calculated average RMS was then divided by the BMI for each subject.
5.3.3 Simulation method
The sEMG model was used to investigate which neuromuscular changes would yield the age-
related signal changes observed experimentally.
72
5.4 METHODS
To simulate the sEMG/force signals from the biceps muscles of young, healthy adults,
the model described in Chapter 3 was simulated with the input parameters listed in Chap-
ter 4. In young, healthy adults, the biceps brachii has a fast fibre ratio (FFR) of approx-
imately 0.45 [Kukulka and Clamann, 1981]. The total number of motor units (nMU) is
110 [Mc Comas et al., 1993], meaning that (varying randomly for each subject) there will be
around 50 fast fibre MUs and 60 slow fibre MUs in each young adult bicep muscle.
It is posited that observed neuromuscular changes with age are principally due to a reduc-
tion in the number of muscle fibres, particularly fast muscle fibres [Evans and Lexell, 1995,
Doherty, 2001]. The nMU and the FFR represent these parameters, so their variance will
allow the simulation of signals from older humans.
FFR and nMU were varied to investigate the effect that these parameters have on the
RMS and MNF of the generated sEMG signal. Two scenarios were simulated. The first
investigated the effect of varying nMU from the values used for a healthy adult (nMU=110).
The next studied the effect of varying FFR from the young adult value of 0.45 of MUs.
Literature suggests that the reduction in RMS (and corresponding muscle force) observed
in older patients is due to both a drop in the total number of fibres and the size of these
remaining fibres. Across the literature, it is generally agreed that the size of type 2 fibres
decreases with age, while the size of type 1 fibres remains unchanged [Lexell et al., 1988,
Porter et al., 1995, Roos et al., 1997]. Histochemical studies have found that the cross sec-
tional area of type I muscle fibres does not change with age. In work reported by Klein
[Klein et al., 2003], the area of type II muscle fibres reduced from 74% to 60% of the total
area - a reduction that was not matched by the observed loss of fibre numbers. Klein concluded
that with age, a reduction in the largest of the type II muscle fibres occurs. To simulate this
phenomenon, the large fibres were preferentially removed from the MU pool when simulating
the older adults.
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5.4 Results
5.4.1 Experimental results
Table 5.1 shows the mean and standard deviation of six signal features calculated from the
older and younger experimental sEMG data sets. In each data set, the subjects were con-
tracting at 100% MVC.
Experimental subjects
Feature Younger Older
RMS (µV) 7.56 ± 5.45 3.62 ± 1.75
MNF (Hz) 72.84 ± 13.85 77.98 ± 12.32
Complexity 1.162 ± 0.0073 1.143 ± 0.0019
Waveform length 0.083 ± 0.070 0.074 ± 0.074
Mean absolute value 0.15 ± 0.12 0.122 ± 0.11
Table 5.1: Magnitude and spectral averages for older and younger subjects (± value represents
the standard deviation)
The results of one-way ANOVA tests to determine the statistical difference of signal fea-
tures between the older and younger data sets are presented in Table 5.2.
Signal feature Statistical significance (p
value of 1-way ANOVA test)
RMS 0.0117
MNF 0.2551
Complexity 0.0200
Waveform length 0.6980
Mean absolute value 0.4630
Table 5.2: Statistical differences between older and younger subjects
Table 5.2 shows that the difference between the RMS of older and younger subjects is
significant, with p<0.02. The difference between the MNF of the two groups is not statistically
significant, but the mean MNF decreases with age (Table 5.1). Complexity is shown to be
statistically different between older and younger subjects, but is known to represent the
number of active MUs, which is similarly represented by RMS.
Waveform length and mean absolute value show no statistically significant difference be-
tween older and younger subjects, so only RMS and MNF were studied in the remainder of
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the work.
5.4.2 Simulation results
Figure 5.1 shows the average RMS and MNF of sEMG signals generated when the number
of active motor units was reduced, but the ratio of fast to slow fibres (FFR = 0.45) was
maintained. The RMS and MNF at varying nMU values are plotted.
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Figure 5.1: RMS and MNF of simulated signals with varying numbers of active motor units
Figure 5.2 shows the results when the number of motor units was kept constant at 110
MU, while the ratio of fast fibres (FFR) was reduced from 0.45 to 0.0 in increments of 0.05.
The mean MNF and RMS were plotted against FFR.
In Figure 5.1 and Figure 5.2 it is clear that the number of active motor units affects the
RMS of the sEMG signal. The ratio of fast fibres affects both RMS and MNF.
In the experimental data (Table 5.1) the signals from older subjects showed a reduction in
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Figure 5.2: MNF and RMS of simulated signals with a varying ratio of fast fibre motor units
mean amplitude of 3.94 mV, and of 5.14 Hz in mean median frequency. To compare simulated
and experimental results, sets of simulations were performed with varying input parameters,
until the signal features of the generated signals matched those measured from experimental
results. Table 5.3 summarises the parameters used to achieve comparable results between
simulated and experimental data sets.
Younger Older
nMU 110 65
FFR 0.45 0.14
Table 5.3: Simulation parameters used to achieve comparable results between simulated and
experimental data
These parameters, in comparison to those used to model a young healthy adult, correspond
to an approximate loss of 41 fast fibre MUs and 5 slow fibre MUs. A simulation with these
parameters gave an average reduction of 4.16 mV RMS and 5.49 Hz MNF.
76
5.5 SUMMARY OF RESULTS
5.5 Summary of results
Based on the simulations plotted in Figures 5.1 and 5.2, the input parameters required to
generate sEMG signals comparable to the signals recorded from young (subjects in their 20s)
and old (subjects in their 60s) have been calculated (Table 5.3). These parameters correspond
to an average loss with age of 41 fast fibre MUs and 5 slow fibre MUs.
These fibre losses correspond to the observed effects with age, particularly the maintenance
of endurance and the loss of maximal force.
These results, along with the results of validation studies described in Chapter 4, are
discussed in detail in Chapter 6: Discussion.
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Chapter 6
Discussion
Surface electromyogram modelling is a technique that has been used in a number of research
fields. By isolating a single variable to study, researchers have investigated the effects of
volume conduction on the sEMG signal [Roeleveld et al., 1997], the influence of electrode
size and shape [Farina et al., 2002b] and the separation of motor unit action potential trains
from the composite signal [Nakamura et al., 2004].
In this work, an original sEMG model has been implemented. The model has been vali-
dated against experimental data recorded from muscles of the human arm. The sEMG model
has been used to investigate and quantify muscle composition with age. This is the first time
that such a technique has been utilised.
6.1 sEMG/force model
The sEMG/force model implemented in this thesis simulates a lifelike muscle by introduc-
ing random elements to give a distribution of parameters, rather than a single value. This
variance is seen in real human muscles. Parameters defined by a distribution include the
MU size, the firing rate, initial temporal offset and the muscle fibre conduction velocity
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[Wheeler et al., 2010b].
Most significantly, this model is populated with distinct features for slow and fast muscle
fibre types. This is particularly important when considering muscle changes with age, as fast
fibre MU numbers reduce more than slow fibre MU numbers [Wheeler et al., 2010e].
The model includes a type-based motor unit recruitment and firing frequency strategy, in
which these parameters are assigned probabilities based on muscle fibre type, so that type I
fibres are recruited at low force levels, and type II fibres are recruited with increasing force.
Similarly, the firing rate of each motor unit is type based, with firing rates for type I fibres
distributed about averages of 8-14 Hz and type II motor units about averages of 12.5 to 24.5
Hz [Wheeler et al., 2010a, Wheeler et al., 2010c].
To ensure that the sEMG model could be accurately validated against experimental data,
a second output was added. As well as simulating a sEMG signals, this model simulates the
force output of the skeletal muscle contraction [Wheeler et al., 2010d, Wheeler et al., 2011].
6.2 Model validation
This model was validated against data from contracting bicep brachii and brachioradialis
muscles. In both cases, the signals were accurate to experimental results, with a signal
amplitude that varied linearly with force and a static spectrum in non-fatigued, healthy
muscles (Refer to section 4.3)
The results of experimental verification of the model revealed that amplitude character-
istics of the simulated signals matched the experimental data. The sEMG model has inbuilt
randomness with simulation parameters following a statistical distribution. When simulated
with these distributed variables and non-linear recruitment patterns, the amplitude of the
simulated signal was linear with respect to the relative contraction strength (refer to Figure
4.13). The observed linearity of sEMG RMS with % MVC matches the patterns observed
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experimentally in this work and reported in the literature.
The spectral properties of the simulated signals had only a small variation with force, which
was also congruent to experimental results. The sEMG model was shown to display accuracy
that could improve the usefulness of sEMG models for research and practical applications.
6.3 Muscular changes with age
The loss of muscle mass with age can be partly accounted for by a reduction in the size of mus-
cle fibres, particularly type II muscle fibres [Evans and Lexell, 1995, Doherty, 2001]. How-
ever, the reduction in muscle fibre size is moderate when compared to the overall reductions
in muscle mass observed with age. Senescent atrophy appears to be largely due to a reduction
in muscle fibre numbers, particularly in type II muscle fibres [Evans and Lexell, 1995].
In the work presented in this paper, the physiological changes that led to the observed
reduction in muscle force have been quantified. SEMG data from the biceps muscles of
younger and older subjects were acquired and a number of signal features were calculated.
The RMS feature was used to represent the force output of the muscle. The MNF signal
feature represented the spectral properties of the sEMG.
6.3.1 Changes in the number of motor units
The experimental results indicated a significant age-related reduction in the RMS of the
signal. Table 5.1 shows an average RMS of 7.56 uV in younger subjects, and 3.62 uV in older
subjects. The ANOVA test (Table 5.2) showed a significant difference in RMS between the
two groups, with a P-value of 0.0117.
Simulation studies were used to investigate the factors that contributed to the change in
RMS. Figure 5.1 showed that a drop in the total number of fibres (nMU) results in a reduction
in RMS. RMS is dependent on nMU in an approximately linear relationship. This indicates
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that the experimentally observed reduction in RMS is due to a corresponding reduction in
nMU.
A reduction in the number of muscle fibres in the biceps brachii with age is in line with
results reported in the literature. Lexell reported that subjects in their 90s had around half
the muscle fibres of those in a 20 year old [Lexell et al., 1988]. Brown, Strong and Snow
studied the bicep contractions of 40 subjects and found that subjects over 60 years old had
around half the motor units of subjects in their 30s [Brown et al., 1988].
Figure 5.2 showed that for simulated results, a change in the FFR with unchanged MU
numbers results in a small drop in RMS. This is because the fast fibre motor units are larger
in size and produce larger amplitude action potentials. However, the majority of the observed
reduction in sEMG RMS with age is due to the reduction in nMU.
6.3.2 Changes in the ratio of fast muscle fibres.
In healthy young people, the bicep muscle comprises of around 45% type II (fast) muscle
fibres and 65% type I muscle fibres. The reduction observed in the number of muscle fibres
with age is not uniform. Fast fibre numbers have been found to reduce more with age than
slow fibre numbers [Lexell et al., 1988, Evans and Lexell, 1995].
This work sought to quantify the ratio of fast and slow fibres in young-old subjects as
compared to the young. The MNF was used to represent the composition of fast and slow
motor units in the muscle. As the firing frequencies of slow fibres are lower than the firing
frequencies of fast fibres, the mean power frequency (MNF) depends upon the ratio of these
fibre types in the muscle. Analysis of the experimental sEMG of young and old subjects
showed that the average MNF reduced with age from 78-72 Hz. From Figure 5.1, it was
evident that in the simulation study, the number of MUs did not have a significant impact on
the sEMG spectrum.
Figure 5.2 showed that when the ratio of fast fibres (FFR) was changed, there was an
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observable change in median frequency. A reduction in FFR from 0.45 showed a related
reduction in MNF.
6.3.3 A combined model of muscular changes with age
Based on the simulations plotted in Figures 5.1 and 5.2, the input parameters required to
generate sEMG signals comparable to the experimental data were calculated (Table 5.3).
These parameters, in comparison to those used to model a younger subject, correspond to an
approximate loss of 41 fast fibre MUs and 5 slow fibre MUs. These fibre losses correspond
to the observed effects with age, particularly the maintenance of endurance and the loss of
maximal force.
A simulation with these parameters gave a mean MNF drop of 5.49 Hz, and a mean RMS
reduction of 4.16 mV, which correspond closely to the age-related changes observed in the
experimental data (Table 6.1).
Experimental Simulated
RMS 3.93 mV 4.16 mV
MNF 5.14 Hz 5.49 Hz
Table 6.1: Changes in sEMG signal features between younger and older subjects
6.4 Model assumptions
As with all biological models, the model presented in this work makes some assumptions to
allow rapid and repeatable signals to be generated. Chief among these is the muscle shape,
which is simulated as a cylinder, rather than the fusiform shape which is typical of a bicep
muscle (refer to Figure 3.4). This has limited impact on the composite signal, as the muscle
fibres in a biceps muscle are approximately parallel.
In addition, the modelling of each motor unit as a scaled single fibre is an approximation.
To account for the effects of volume conduction more accurately, the fibres in a motor unit
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should be simulated as distributed throughout a territory.
Further assumptions that could be eliminated in future work include time invariance
(which limits the simulation capability to non-fatigued muscles), single-layer cutaneous tissue
and uniform muscle fibre length.
6.5 Experimental limitations
An experimental limitation of this work concerns the contributions of all four muscles to the
flexion of the elbow. As the contribution of each muscle can not be determined via sEMG,
it can not be assumed that increases in force vary linearly with increases in the contraction
strength of any given muscle.
Future experimentalists could also consider offsetting electrode placement from measured
innervation zones (to increase the comparability of results between subjects) and the advan-
tages to be gained from a higher resolution of electrodes.
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Chapter 7
Conclusions
7.1 Ageing conclusions
Subjects in their sixth decade show a loss of 41% of the motor units in the biceps brachii
muscle, with a preferential loss of fast fibre motor units. The ratio of fast fibre motor units to
slow fibre motor units reduces from 0.45 observed in subjects in their 20s, to 0.14 for subjects
in their 60s.
Of the 14 older subjects studied in this work, a reduction in average sEMG RMS of 52%
and a reduction in average sEMG MNF of 5.14 Hz were observed.
A sEMG model with lifelike simulation parameters was used to simulate sEMG signals
from younger and older subjects. The spectral shift in sEMG signals observed in the bicep
contractions of older subjects was shown to match the experimental data when the ratio of
fast fibres was reduced from 0.45 to 0.14 and the total number of fibres was dropped from 110
to 65. When the larger MU were preferentially removed from the pool, these same simulating
conditions were shown to account for the observed drop in signal RMS.
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7 CONCLUSIONS
7.2 Response to research questions
As outlined in section 1.3, the work in this thesis attempted to answer the following research
questions;
• How does the neuromuscular system change with age?
• Specifically, do different muscle fibre types react the same way to the ageing process?
• Can a sEMG/force model be used to quantify such changes?
Through the implementation of a novel, versatile and robust sEMG/force model, these re-
search questions have been answered. The extent to which the neuromuscular system changes
with age have been studied and quantified in Chapters 5 and 6. By simulating a variety of
different muscle contraction scenarios, and comparing the signal with experimental results, it
is concluded that the different muscle types do not react the same way to the ageing process.
The experimental work presented here agrees with current literature which proposes that fast
muscle fibre types reduce in number more rapidly with age than slow muscle fibres.
This work has shown that an appropriately designed and implemented sEMG/force model
can be used to quantify muscular changes from the norm, such as those detected in ageing
adults. In the future, this model could be used to study alternate physiology such as injured,
diseased or fatigued human muscles.
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Prescribed Consent Form For Persons Participating In Research Projects 
Involving Tests and/or Medical Procedures 
 
 
Portfolio  Science, Engineering and Technology 
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procedures - have been explained to me. 
 
3. I authorise the investigator or his or her assistant to use with me the tests or procedures referred to in 
1 above. 
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(c) The project is for the purpose of research and/or teaching.  It may not be of direct benefit to me. 
(d) The privacy of the personal information I provide will be safeguarded and only disclosed where 
I have consented to the disclosure or as required by law.  
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Eligibility assessment and general health information 
 
1. Project title 
Electromyogram features for muscle fatigue assessment 
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- Ms Katherine Wheeler, PhD candidate, School of Electrical and Computer Engineering, RMIT University. 
Ph: 99254805 Email: s3221776@student.rmit.edu.au 
- Mr Sridhar P Arjunan, Research Associate, School of Electrical and Computer Engineering, RMIT University 
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3. Letter of explanation and information recording 
 
Dear participant, 
  Thankyou for agreeing to participate in the experiment Electromyogram features for muscle fatigue 
assessment at RMIT University. For information on what is required during the experiment, please refer to the 
project information statement provided by the investigator.  
 
Please provide the following general information; 
 
 
Name:  _________________________________________ 
 
Date of birth: _________________________________________ 
 
Gender (M/F): _________________________________________ 
 
Height:  _________________________________________ 
 
Weight:  _________________________________________ 
 
Dominant hand _________________________________________ 
 
Hand used for experiment _________________________________________ 
 
Bicep circumference (unflexed)  _________________________________________ 
 
Bicep circumference (flexed)    _________________________________________ 
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In order to participate in this experiment, there are a number of criteria which must be met. In order to allow the 
investigator to assess your eligibility, please complete the following checklist; 
    
1. Are you a student of the chief investigator (Katherine Wheeler)  Yes   No  
 
2. Are you a student of one of the other investigators?    Yes   No  
 
3. Do you suffer from arthritis (i.e. osteoarthritis or rheumatoid arthritis)?  Yes   No  
 
4. Do you suffer from a neuromuscular disorder?    Yes   No  
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___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
Date: ________________________ 
 
 
6. Do you have any other conditions (medical or otherwise) which you think may exclude you from this project? 
          Yes   No  
 
If so, please provide details: 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
 
 
4. Process 
 
Thankyou for filling out this eligibility form. If you have answered “yes” to any of the questions above, the 
investigator will discuss your answers with you to determine your eligibility. 
 
 
 
 
________________________________  _________________________ 
 
Katherine Wheeler     Date 
(M.Eng) B.Eng 
 
 
 
________________________________  _________________________ 
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Eligibility notes: 
 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
___________________________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics Committee, University 
Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745.   
Details of the complaints procedure are available from the above address.   
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